A combination of classical genetic, biochemical, and molecular biological approaches have generated a rather detailed understanding of the structure and function of Saccharomyces telomeres. Yeast telomeres are essential to allow the cell to distinguish intact from broken chromosomes, to protect the end of the chromosome from degradation, and to facilitate the replication of the very end of the chromosome. In addition, yeast telomeres are a specialized site for gene expression in that the transcription of genes placed near them is reversibly repressed. A surprisingly large number of genes have been identified that influence either telomere structure or telomere function (or both), although in many cases the mechanism of action of these genes is poorly understood. This article reviews the recent literature on telomere biology and highlights areas for future research.
INTRODUCTION
Telomere biology began with the observations of H Muller who used X-rays to generate chromosome rearrangements in Drosophila (reviewed in 33). Muller never recovered a terminally deleted chromosome, that is, a chromosome missing its cytologically defined end. He reasoned that the end of the chromosome, the telomere, must be a discrete structure, essential for chromosome integrity. At approximately the same time, McClintock demonstrated that broken chromosomes in maize would fuse with one another (reviewed in 33). These experiments suggested that one essential function of telomeres is to protect 141 0066-4197/96/1215-0141$08.00 chromosomes from end-to-end fusions that generate di-centric chromosomes, which are unstable because they frequently break at mitosis. Later an understanding of the biochemical properties of DNA polymerases led to the realization that the replication of the very ends of linear DNA molecules presents a dilemma for the cell (129) . Cytological studies revealed that telomeres in diverse organisms can be clustered at the nuclear periphery, especially in meiosis. This observation suggested that telomeres might help localize chromosome domains into distinct subcompartments of the nucleus. Thus, a combination of genetic, biochemical, and cytological approaches implicated telomeres in diverse biological functions.
The uniquely abundant telomeres in the subchromosomal DNA from the macronuclei of ciliated protozoa allowed the isolation and sequencing of telomeric DNA, thus beginning the molecular era of telomere biology (4, 58, 91) . Telomeric DNA in ciliates consists of simple repeated DNA sequences. Although the exact sequence varies from organism to organism, telomeric DNA from even distantly related ciliates had a common theme in which the strand running 5 to 3 from the center toward the end of the DNA molecule was GTrich. For example, the sequence of telomeric DNA in the ciliates Tetrahymena and Oxytricha is, respectively, C 4 A 2 /T 2 G 4 and C 4 A 4 /T 4 G 4 . This paradigm extends to organisms with conventional chromosomes, like Saccharomyces and humans. The molecular identification of telomeric DNA allowed its function and mechanism of replication to be addressed directly.
This article is limited to Saccharomyces cerevisiae telomeres and focuses on the most recent developments. The reader is referred to (Ref. 141 ) for a more detailed review of the earlier literature.
TELOMERIC AND SUBTELOMERIC DNA
Telomere research in Saccharomyces began with the observation that natural termini from ciliated protozoa could function, in at least a limited sense, in yeast. When terminal restriction fragments from Tetrahymena (25, 120) or Oxytricha (96) macronuclear DNA are ligated to both ends of a vector containing an origin of replication and a selectable marker and introduced into yeast, the resulting vectors are maintained as linear, self-replicating plasmids. Later human (8, 24, 101) and plant (43) telomeric DNAs were also shown to function in this assay. After introduction into yeast, the foreign telomeric DNA is modified by the addition of what was eventually realized to be yeast telomeric DNA (96, 111, 120, 126) . Thus, foreign telomeric sequences do not function directly as telomeres in yeast but rather act as a substrate for the addition of yeast telomeric DNA.
The DNA added to the foreign termini was cloned and sequenced. Like the previously described telomeric DNAs from ciliates, Saccharomyces telomeric DNA is highly repetitive, with the strand running 5 to 3 from the center of the chromosome to its end being GT-rich. However, the sequence of yeast telomeric DNA, C 2−3 A(CA) 1−6 /(TG) 1−6 TG 2−3 (commonly abbreviated C 1−3 A/TG 1−3 ) (111, 127) is not a precise repeat. Although there are other organisms with a heterogeneous telomeric repeat, this feature is relatively rare (142) . As in most other organisms, the amount of telomeric DNA at individual telomeres varies. Each yeast telomere bears 300 ± 75 bps of C 1−3 A/TG 1−3 DNA. Individual telomeres increase and decrease in length in a stochastic manner (110) . Moreover, mutation or overexpression of many genes, as well as a variety of growth conditions, can cause increases or decreases in telomere lengths (described in detail below). The dynamic nature of the chromosome end appears to represent a balance between processes that elongate C 1−3 A/TG 1−3 repeats, such as replication or recombination, and nucleolytic degradation.
In some ciliates, the structure at the very end of subchromosomal DNA molecules is a 12-to 16-base 3 single-strand extension of the G-strand (reviewed in 142). Long, single-strand G-tails, estimated to be ∼ 50-100 bases in length, are detected on yeast chromosomes at the end of S phase (discussed in detail below; 133, 134) . However, the methods used to study these transient G-tails cannot detect tails as short as those described in ciliates. Therefore, it is not clear in either yeast or in any other organism with conventional chromosomes if telomeres have short constitutive G-tails during most of the cell cycle.
In most organisms, middle repetitive DNA sequences, so-called telomere associated (TA) DNA, are found immediately internal to the simple repeats. In yeast, there are two classes of TA repeats, called X and Y (14) . Y , an element that comes in two major size classes, 6.7 and 5.2 kb, is found on only a subset of yeast chromosomes (143) . X is a heterogeneous element ranging in size from ∼ 0.3 to 3 kb and is itself comprised of several sub repeats, only some of which are usually found at a given telomere (77) . Most, but probably not all (99, 143) , telomeres have at least a subset of the X repeats units. Like the simple repeats at the end of a chromosome, TA DNA is dynamic, expanding and contracting by homologous recombination (75, 76) .
The entire Saccharomyces genome is sequenced. These studies reveal two general features of the regions near yeast telomeres. First, subtelomeric DNA has a lower density of ORFs than other regions of the yeast genome. For example, chromosome XI contains only six segments longer than 3 kb that lack an ORF, and five of these are near a telomere (29). Second, subtelomeric regions often contain sequences other than TA DNA that are repeated elsewhere in the genome. For example, the entire 25 kb at the right telomere of chromosome I is repeated on the right arm of chromosome VIII (10) . Among the sequences found near telomeres are members of multigene families such as the SUC (11) , MAL (15) , MEL (123) , and FLO (121) genes. In some cases (e.g. the SUC genes), the genes are embedded in TA DNA; for others (e.g. the MAL genes), the genes are proximal to the TA repeats. A telomeric location for a given subfamily may reflect a telomere-specific transcription control mechanism (see next section). In addition, the concentration of multigene families in telomere-adjacent regions may reflect a recombination-mediated dispersal mechanism.
Most copies of Ty5, a retrotransposon, are found near telomeres or near HML or HMR, the HM loci (147) . HML and HMR are located, respectively, ∼ 25 and ∼ 12 kb from the left and right telomeres of chromosome III. Although both HM loci contain a copy of the mating-type locus, neither HM locus is transcribed. An in vivo transposition assay demonstrated that Ty5 preferentially moves to sites near X elements at different chromosome ends or near the HM loci (146) . Since telomere adjacent regions, like the HM loci, are transcriptionally repressed (see next section), this preference may reflect targeting to a specialized chromatin structure.
TELOMERE FUNCTIONS
To determine the function of yeast telomeres, a chromosome was constructed in which the entire terminal tract of C 1−3 A/TG 1−3 DNA could be eliminated in a controlled manner (107) . These experiments were carried out in a strain with two copies of the affected chromosome, such that loss or alteration of the copy without a telomere does not affect viability. The loss of a single telomere causes an efficient cell-cycle arrest mediated by the DNA damagesensing RAD9 cell-cycle checkpoint. Thus, one function of yeast telomeres is to help the cell distinguish intact from broken chromosomes. In addition, a chromosome without a telomere is lost at much higher rates than are intact chromosomes. For example, rad52 cells that are defective in recombinational repair of double-strand breaks, the major pathway for acquiring new telomeres after chromosome breakage, lose a chromosome lacking a telomere from > 90% of cells. Therefore, telomeres are also essential for the stable maintenance of yeast chromosomes.
Unexpectedly, some cells containing the broken chromosome escape the initial RAD9-mediated cell-cycle arrest even if the broken chromosome is not repaired (107) . In these cases, the telomere-less chromosome typically replicates and segregates for four to ten cell divisions before being lost. Since chromosomes without telomeres sequentially lose DNA from the broken end, chromosome loss probably results when degradation eliminates the centromere. Taken together, these data argue that telomeres are necessary for the long-term stability of yeast chromosomes but are not essential in a given cell cycle. Rather, a chromosome without a telomere is replicated, segregated, and transcribed in a reasonably normal manner.
Yeast telomeres also serve as a substrate for telomerase, a telomere-specific reverse transcriptase that allows the complete replication of the end of the chromosome. (Telomere replication is discussed in detail below). Yeast cells that lack telomerase slowly lose telomeric DNA (114) . Since telomeric DNA is essential for the stable maintenance of yeast chromosomes (107) , providing a substrate for telomerase is another critical function of yeast telomeres. However, yeast can live for 50 to 100 generations without telomerase (114) . Therefore, telomere elongation is not required in every cell cycle. As cells replicate in the absence of telomerase, their ever-shortening telomeres must still prevent degradation and be distinguished by DNA damage-sensing checkpoints from broken DNA. Presumably, as long as there is enough C 1−3 A/TG 1−3 DNA to assemble a telosomal chromatin structure (see next section), telomere functions can be accomplished.
In Saccharomyces, genes placed near telomeres are transcriptionally repressed, a phenomenon called telomere position effect or TPE (39) (discussed in detail below). TPE has also been described in Drosophila (68), Schizosaccharomyces pombe (89) , and Trypanasoma (49, 104) . In Saccharomyces, TPE is probably universal, occurring in all wild-type strains, at all telomeres, and for all genes tested (39) . However, TPE decreases sharply as a function of distance from the telomere (99) , and it is not clear if any yeast gene is normally close enough to a telomere to be subject to TPE. Indeed, one possible function of TA DNA is to act as a buffer that prevents TPE from repressing transcription of single-copy genes. Also, the low density of ORFs near telomeres may reflect selection against a telomere proximal location that compromises transcription.
Transcription through the telomeric C 1−3 A/TG 1−3 tract eliminates TPE in cis but does not affect the stability of the transcribed chromosome (106) . Thus, the mechanism by which a telomere exerts transcriptional repression is separable from the chromosome stability function of telomeres. Moreover, many of the genes that are essential in trans for TPE are nonessential (1). Therefore, TPE is a dispensable function of yeast telomeres.
In Drosophila, chromosomes ending in a polymerase II transcribed gene and thus lacking all telomeric sequences have been isolated and stably maintained in flies for more than ten years (reviewed in 83, 93 The terminal C 1−3 A/TG 1−3 repeats are in a nonnucleosomal chromatin structure called the telosome (137) . In contrast, X and Y or genes next to telomeres are in nucleosomes (137) . Although the nucleosomes in telomere-adjacent DNA appear canonical by nuclease mapping techniques, two features distinguish them from nucleosomes in most other regions of the genome. GATC sites in telomere adjacent DNA are not accessible to methylation by the Escherichia coli dam methylase when this protein is expressed in yeast (38) , and the histones in subtelomeric nucleosomes are hypo-acetylated compared to histones elsewhere in the genome (7). These features are shared with the transcriptionally silent HM loci (7, 115) and are thought to represent a heterochromatin-like chromatin structure. Conditions that eliminate TPE also alter this chromatin structure, for example making telomere adjacent DNA accessible to the dam methylase (38, 65) and conferring a more typical level of histone acetylation (7).
The ∼ 100-bp region linking the telosome to nucleosomal DNA is much more available to reagents that interact with DNA than is the chromatin to either side. For example, this region is highly accessible in vivo both to a sitespecific endonuclease (107) and to the dam methylase (137) . In isolated nuclei, the 100-bp linker region is hypersensitive to both DNase I and micrococcal nuclease (137) . When the linker region contains BamHI sites, these sites are efficiently cleaved in nuclei incubated with exogenously added enzyme (22, 137) . Because the linker region is nuclease accessible, it is possible to release telosomes from the ends of chromosomes or linear plasmids (22, 137, 138) . The fact that the telosomes are efficiently released from chromosomes in soluble form suggests that any association of telosomes with the nuclear periphery must be relatively labile.
Telosomes can be distinguished from nucleosomes by several criteria. Telosomes encompass the entire terminal tract of C 1−3 A/TG 1−3 repeats, thus containing more than twice as much DNA as a nucleosome (137) . Telosomal DNA-protein interactions are stable to concentrations of ethidium bromide that disrupt nucleosomes, but are less salt-stable than are histone-DNA interactions (138) . Mutations that alter histone stoichiometry do not affect telomeric chromatin (cited in Ref. 90) . Taken together, these data argue that the telosome is not based on a nucleosome core and is unlikely to contain histones.
Several lines of evidence indicate that the sequence-specific double-strand DNA binding protein Rap1p, a ∼ 120-kDA, abundant protein encoded by an essential gene (112) , associates with telomeres in vivo. Anti-Rap1p antibodies specifically and efficiently immuno-precipitate soluble telosomes released from either linear plasmids (22) or chromosomal DNA molecules (137) . The proteindependent gel shift displayed by telosomes can be mimicked by complexes formed in vitro between bona fide telomeric DNA and E. coli-generated Rap1p (138) . This result suggests that Rap1p is the major structural protein in the yeast telosome.
Genetic evidence also indicates that Rap1p is at telomeres in vivo in that RAP1 mutations affect both telomere length and TPE. Cells with temperature-sensitive alleles of Rap1p that result in reduced DNA binding activity in vitro have short telomeres in vivo (22, 81) . These data suggest that Rap1p (or a Rap1p-interacting protein; discussed below) protects telomeric DNA from degradation. Consistent with this interpretation, cells with elevated levels of Rap1p have longer telomeres than wild-type cells (22). However, cells overexpressing Rap1p also display additional phenotypes such as slow growth and elevated rates of chromosome loss, suggesting that Rap1p function is more complex than simply protecting telomeres from degradation (22). Since yeast chromosomes without telomeric DNA are unstable (107) , the essential function of RAP1 can be explained by its role in protecting telomeric DNA from nucleases.
Mutations that alter or eliminate the carboxyl terminal region of Rap1p without affecting DNA binding cause telomere lengthening and disrupt TPE, at least in some cases, because they disrupt Rap1p interactions with other telosomal proteins (e.g. 64, 119; discussed in more detail below). Thus, another function of Rap1p and Rap1p interacting proteins is to mediate TPE.
Finally, cytological experiments demonstrate directly that Rap1p interacts with telomeres in vivo. Immuno-localization experiments show that Rap1p antibodies localize to the ends of meiotic chromosomes (57) . In mitotic cells, Rap1p is concentrated in a discrete number of foci near the nuclear periphery (92) , which may correspond to clusters of telomeres.
In vitro studies indicate that there are ∼ 20 Rap1p binding sites per telomere (35), an estimate consistent with the observation that ∼ 10% of the ∼ 6000 Rap1p molecules are telomere associated in vivo (138) . Rap1p also binds single-strand TG 1−3 DNA in vitro although with an affinity several orders of magnitude less than for duplex telomeric DNA (36). As expected from the fact that only a fraction of Rap1p is at telomeres, Rap1p also binds to many internal sites on the yeast chromosome where it can act as either a transcriptional activator or a transcriptional repressor (e.g. 63). Therefore, although Rap1p is a telosomal, structural protein in vivo, its binding is not limited to the telomere. Rather, Rap1p is a multifunctional protein whose function is context dependent. Since Rap1p is known to interact with several other proteins (see below), its activity at a given binding site is probably determined, at least in part, by a site-specific interacting partner(s).
Rap1p's DNA binding domain stretches from amino acid ∼ 330 to 600 of the 827 amino acid protein (48) . This domain, which is probably required for all Rap1p functions, is both larger than and shares no obvious amino acid motif with DNA binding domains of other proteins. However, the crystal structure of the Rap1p DNA binding domain complexed to a telomeric DNA binding site suggests a structural similarity to the binding mode of Myb, a proto-oncogene (60) . Given that amino acid sequence comparisons reveal that the human telomere binding protein, TRF, has a Myb-like motif (18) , it is possible that this motif may be a common feature among duplex telomere DNA binding proteins (3). The Rap1p domains necessary for transcriptional activation and for transcriptional repression are located in different regions of the protein. The properties of hybrid proteins containing portions of Rap1p fused to a heterologous DNA binding domain indicate that amino acids 630 to 692 are sufficient for transcriptional activation (44) , and amino acids 667 to 827 are sufficient for transcriptional silencing (9).
Although Rap1p is the major telosomal protein and the only protein so far shown to bind directly to telomeric DNA in vivo, there are candidates for additional telosomal proteins. A two-hybrid screen identified several proteins that interact with the carboxyl terminus of Rap1p. Rif1p is a 219-kDA nonessential protein whose absence results in telomere lengthening (45) and a modest increase in TPE (65, 136) . Overexpression of the carboxyl terminus of Rap1p acts synergistically with rif1 to cause telomere lengthening (22, 136), suggesting that there is at least one other protein like Rif1p that interacts with the carboxyl terminus of Rap1p and whose presence in some way prevents telomere elongation. Proteins like Rif1p and the other Rap1p-interacting factor appear to act in a manner opposite to that of Rap1p in that their presence makes telomeres less accessible to lengthening (or, alternatively, more accessible to degradation).
Two-hybrid analysis reveals that Sir3p interacts with the same region of Rap1p that interacts with Rif1p (86). This interaction is direct since E. coligenerated Sir3p and Rap1p interact in vitro. Rap1p and Sir4p from cells overexpressing Sir4p can be co-immunoprecipitated using either an anti-Sir4p or an anti-Rap1p serum (19) . Sir4p also interacts with the carboxyl terminus of Rap1p in a two-hybrid assay, although in this case E. coli-generated Sir4p and Rap1p do not interact in an in vitro biochemical assay (86) . Thus, Sir4p interaction with Rap1p in vivo is probably indirect. Since Sir3p and Sir4p can also interact, Sir4p interaction with Rap1p may be Sir3p mediated (86) .
Since only ∼ 10% of Rap1p is at telomeres in vivo (138) , the effects of mutation or overexpression of Rap1p interacting proteins, such as Rif1p, or Sir proteins on telomeres might be indirect, reflecting competition with Rap1p bound at other chromosomal locations for Rap1p-interacting proteins. To determine if a protein interacts directly with telomeres, a one-hybrid system was developed (BD Bourns & VA Zakian, in preparation). In this system, a reporter gene lacking an upstream activating sequence (UAS) is placed adjacent to a chromosomal telomere. Putative telomere binding proteins are expressed as hybrids of the candidate protein and a polypeptide that acts as a transcriptional activator. Various controls demonstrate that the telomere-linked reporter gene is transcribed only if the hybrid protein is localized to the test telomere in vivo. Transcription of the reporter gene is seen in cells expressing fusion proteins containing portions of either Rap1p, Rif1p, Sir4p, or Sir3p. These data argue that all four of these proteins interact directly with telosomes in vivo. This onehybrid system can identify proteins like Rap1p that bind directly to telomeric DNA as well as proteins like Rif1p and Sir3p that associate with telomeres via protein-protein interactions.
In ciliates, macronuclear DNA molecules terminate in a short single-strand G-tail. In Oxytricha, this G-tail is a substrate for a hetero-dimer composed of two proteins that in vitro protect chromosome ends from exonucleolytic degradation (40) . Unlike Rap1p, the Oxytricha proteins will only bind to a telomere, not to internal stretches of telomeric sequence.
Genetic evidence suggests that Saccharomyces, like Oxytricha, contains telomere-limited binding proteins (136) . When extra telomeres are introduced into cells, they reduce TPE, whereas introduction of a comparable or even higher number of internal tracts of C 1−3 A/TG 1−3 DNA does not. These data suggest that plasmid telomeres, but not internal stretches of telomeric DNA, can compete with chromosomal telomeres for a protein important for TPE. A protein that binds exclusively or with much higher affinity to single-strand TG 1−3 DNA would be a candidate for such a protein. Indeed, gel shift assays demonstrate that there are multiple yeast proteins that bind specifically to single-strand TG 1−3 DNA in vitro (70) . However, most of these proteins also bind RNA nonspecifically. Three genes that encode TG 1−3 binding proteins have been characterized: neither their overexpression nor their deletion, singly or in combination, affects telomere length or TPE (70) . These data suggest that none of these proteins bind to telomeres in vivo.
TELOMERE POSITION EFFECTS ON TRANSCRIPTION
Telomere position effect (TPE) refers to the transcriptional repression displayed by genes placed near a telomere (39) . TPE is typically monitored by placing either the URA3 or the ADE2 gene immediately next to a chromosomal telomere in a strain that lacks a wild-type copy of the gene at its normal location. Typically, the TA DNA at the modified telomere is eliminated. Cells that express Ura3p are killed on plates containing the chemical 5-fluoro-orotic acid, FOA (5). Thus, cells that do not express Ura3p can be identified because they are FOA resistant (FOA R ). When a strain contains a wild-type copy of URA3 at its normal location near the centromere of chromosome V, ∼ 10 −7 cells are FOA R . However, when a wild-type copy of URA3 is placed near the telomere of chromosome VII-L, typically ∼ 30% of the cells can grow on plates containing FOA (39) . Northern blot analysis demonstrates that the FOA R phenotype is correlated with reduced amounts of RNA from the telomere-linked gene (39) . This decrease probably operates at the level of transcription initiation since increased expression of PPR1, the URA3 trans-activator, decreases the fraction of FOA R cells (2). TPE occurs at all chromosomal telomeres tested, although the fraction of FOA R cells varies as much as tenfold for URA3 placed at different telomeres in the same strain (39) . Although all examined wild-type strains exhibit TPE, the fraction of FOA R cells resulting from repression of URA3 at the chromosome VII-L telomere is strain specific, ranging from ∼ 1 to > 90% (e.g. 105, 106) .
Wild-type yeast produce white colonies, whereas a strain that does not express Ade2p produces red colonies (103) . When ADE2 is near a telomere, a fraction of the cells produce red colonies (ADE2 expression "off"), and a fraction produce white colonies (ADE2 expression "on") (39) . Red colonies contain white sectors, and white colonies contain red sectors. The fact that colonies are mostly red or mostly white indicates that both the repressed and the transcribed states are stably inherited. Since red and white colonies each contain sectors of the other color, both the off and on states are reversible. Likewise, when URA3 is near a telomere, most FOA R cells can also grow on plates lacking uracil, again demonstrating that the transcriptional repression due to TPE is reversible and indicating that repression acts on basal, not induced, transcription (39) . The transcriptional repression due to TPE correlates with a reduced accessibility for DNA methylation in the nucleosomal DNA near the telomere, suggesting that telomere adjacent DNA is in an altered, repressed chromatin structure (38) . The reversibility of TPE suggests an ongoing competition between the establishment of an active transcription complex versus the assembly of repressed chromatin. In support of this hypothesis, conditions that weaken a promoter, for example, elimination of a trans-activator, increase the fraction of cells displaying TPE as well as increasing the distance from the telomere over which a gene is repressed (99) . In contrast, increasing the expression of a trans-activator reduces TPE. Switching transcriptional states appears to be restricted to a distinct time in the cell cycle, perhaps coincident with the time of telomere replication (2).
Models of TPE suggest that transcriptional repression initiates at the telomere and spreads continuously inward. This view is supported by the fact that the probability of a gene's being transcriptionally repressed decreases sharply with its distance from the telomere (99) . Propagation of the repressed state can be disrupted by transcription: If a gene located between the telomere and the test gene is transcribed, TPE is alleviated at the test gene.
Like telomeres, internal tracts of C 1−3 A/TG 1−3 are able to silence transcription of a nearby gene, and this silencing is controlled by the same proteins that modulate TPE (117) . Long C 1−3 A/TG 1−3 tracts are more efficient silencers than short tracts. Silencing by internal C 1−3 A/TG 1−3 tracts occurs even on circular chromosomes. Although silencing by internal tracts of C 1−3 A/TG 1−3 DNA does not require a telomere in cis, an internal tract of telomeric sequence becomes a more effective silencer when it is moved closer to a telomere. In addition, two internal stretches of C 1−3 A/TG 1−3 , neither of which is long enough to cause silencing on its own, can silence a gene placed between them. Thus, an internal and a telomeric tract of C 1−3 A/TG 1−3 or two internal tracts can act synergistically to affect gene expression. Although internal stretches of C 1−3 A/TG 1−3 occur naturally in subtelomeric regions of yeast chromosomes (125) , it is not clear if the expression of genes near these tracts is modulated by this proximity.
The HM loci are two other sites in the yeast genome where transcription is regionally repressed, although unlike TPE, transcriptional repression at the HM loci in wild-type strains is extremely stable, with fewer than 10 −5 cells expressing either of the HM loci (102) . Many of the genes required for transcriptional silencing of the HM loci (102) are also essential for TPE (1) and for silencing by internal tracts of C 1−3 A/TG 1−3 DNA (117) . These genes include SIR2, 3, and 4 (Silent Information Regulators). Although Sir1p is essential for stable silencing at HM loci, deletion of SIR1 has no effect on TPE or internal silencing. Intriguingly, in sir1 strains, silencing at HML is similar to TPE in that repression is meta-stable (95) . Moreover, when Sir1p is physically tethered to a telomere, TPE becomes more HM-like; i.e. transcriptional repression is more stable (16) . These data suggest that Sir1p does not affect TPE because it is not recruited to the modified telomeres used to study TPE. For example, these modified telomeres lack replication origins (39), the proposed site of Sir1p association with the HM silencers (16) . X and Y both have origin activity on plasmids (13) and, in at least some cases, on chromosomes (32). If Sir1p is recruited to X and Y replication origins, it would make TPE more stable at natural telomeres than on the modified ends typically used to study it. This hypothesis is consistent with the observation that the presence of Y DNA extends the distance from the telomere over which TPE acts (99) . However, contrary to this hypothesis, URA3 is not transcriptionally repressed when it is embedded directly within Y (cited in Ref. 74) .
In addition to a complete loss of TPE, strains lacking either Sir3p or Sir4p have shorter telomeres than wild-type cells as well as a very modest increase in chromosome loss (92) . Cells lacking Sir2p have increased recombination in the ribosomal DNA, which suggests that Sir2p function is not limited to transcriptionally silent regions of the genome (37) . Overexpression of Sir2p results in decreased histone acetylation, which suggests that SIR2 encodes or regulates a histone de-acetylase (7). Yeast contains four homologs of SIR2, HST1, 2, 3, and 4 (6). Although telomeric and HM silencing is normal in strains lacking any one of the HST genes, hst3 hst4 double mutants have reduced TPE, although normal HM silencing, as well as increased rates of chromosome loss and recombination. Overexpression of Hst1p partially restores TPE to sir2 strains. Sir4p has sequence similarity to nuclear lamins (26), an intriguing comparison given suggestions that telomeres are localized to the nuclear periphery.
Although the biochemical functions of the Sir proteins are not yet clear, none seems to function by binding directly to DNA. Evidence is accumulating that Sir3p and Sir4p play a structural role in establishing and maintaining transcriptional repression. Sir3p and Sir4p interact with each other and with Rap1p, although the Sir4p-Rap1p interaction is probably indirect, perhaps mediated by Sir3p (86) . Sir4p also interacts with itself (17) . In addition, Sir3p and Sir4p interact directly and specifically with the amino termini of histones H3 and H4 in vitro (47) . The amino acid residues of H3 and H4 required for this in vitro interaction are also required in vivo for TPE (1, 47, 122) . These data led to the following model (Figure 1) . A telomere or an internal stretch of C 1−3 A/TG 1−3 acts as an initiator of a repressed chromatin structure by serving as a binding site for multiple Rap1 molecules. If the concentration of Rap1p at a site is sufficiently high, Sir3p and Sir4p are recruited. This complex of Sir proteins can then spread to the adjacent nucleosomes via Sir protein-histone interactions. In support of this model, TPE can be increased in trans by increasing the concentration of Sir3p (99) or in cis by increasing the amount of C 1−3 A/TG 1−3 DNA at the silencer (65, 117) .
Conditions or mutations that disrupt the peri-nuclear localization of Rap1p to discrete foci near the nuclear periphery often eliminate TPE (92). Sir3p and Sir4p are also localized in foci at the nuclear periphery, and these foci are lost in cells lacking the carboxyl terminal region of Rap1p (19) that mediates the interaction of these proteins with Rap1p in a two-hybrid experiment (86) . These data suggest a model in which Rap1p/Sir3p/Sir4p-dependent clustering of telomeres at the nuclear periphery is important for TPE. However, cells that lack GBP2, which encodes a protein that binds single-strand TG 1−3 DNA in vitro, have wild-type TPE (70) but diffused Rap1p (61). Thus, Rap1p localization to the nuclear periphery is probably not essential for TPE.
OTHER POSITION EFFECTS
In addition to exerting a position effect on transcription, telomeres affect the time of replication of nearby DNA. Both X and Y elements (84) , as well as the single-copy DNA near yeast telomeres (32, 100, 133), replicate in the second half of S phase. In some cases, this late replication arises because sequences that function as origins of replication on circular plasmids are not active in their normal telomere proximal context (28, 100, 145). In these cases, proximity to a telomere inhibits origin use. At other chromosomes (32) or on linear plasmids (133), origins are active near telomeres, but not until late in S phase. In these cases, the telomere affects the timing of origin use. If a telomere-proximal, late-activated origin is moved to a circle, the circular chromosome replicates early in S phase (31), whereas an origin that is normally present on a circular plasmid where it is used early in S phase is activated in late S phase when on a linear plasmid (133) . The telomere position effect on the timing of replication initiation can extend for as much as ∼ 70 kb from a telomere (32). Although it is not clear if position effects on transcription and replication are under the same genetic control, the introduction of extra telomeres, which eliminates TPE (136), also results in an earlier time of Y replication (135) . Telomeres also exert a position effect on the rate of recombination in mitotic cells (JB Stavenhagen & VA Zakian, in preparation). When nontandem direct repeats of C 1−3 A/TG 1−3 are inserted at different positions along the chromosome, the two tracts can recombine as detected by elimination of the intervening DNA. Recombination between C 1−3 A/TG 1−3 tracts occurs at a much lower rate near the telomere than it does at internal sites on the chromosome. In contrast, recombination between other repetitive tracts or between unique sequence tracts occurs at similar rates near the telomere and at internal loci. Thus, although the telomere exerts a position effect on recombination, it is not a classic position effect since position effects are generally thought to operate on adjacent DNA, regardless of its sequence. Because the reduced recombination is seen even in sir2, sir3, or sir4 strains, telomere position effects on recombination involve a different mechanism than TPE.
REPLICATION OF TELOMERIC DNA
Eukaryotic chromosomes are linear DNA molecules, which presents a dilemma for their complete replication (Figure 2 ). DNA polymerases cannot start synthesis de novo. For eukaryotic chromosomes, DNA replication is primed by 8-to 12-base RNA primers. In addition, DNA polymerases can synthesize DNA only in the 5 to 3 direction. Hence, one strand, the so-called lagging strand, must be synthesized discontinuously, with each segment being RNA primed. Repair DNA synthesis can fill in the gaps left by removal of internal RNA primers. However, removal of the most distal RNA primer leaves an 8-to 12-base gap at the 5 end of a newly replicated strand that cannot be repaired by conventional enzymes. This gap is left at only one end of individual molecules. The other end, replicated by the leading strand, can in theory be replicated to its very end to generate a blunt-ended molecule. In the absence of a special mechanism to compensate for the loss due to removal of the last RNA primer, linear DNA molecules would continuously shorten with successive cell cycles. Since incomplete synthesis at a given end occurs only every other round of replication, in the absence of degradation, an end of a linear chromosome is expected to shorten by ∼ 4 to 6 bps per cell cycle, precisely what is seen for Drosophila chromosomes lacking telomeric DNA (reviewed in Ref. 93) .
For most eukaryotes, from single-celled organisms to mammals (but not Drosophila), the dilemma of how to replicate the ends of linear DNA molecules is solved by the enzyme telomerase (reviewed in Reference 42). Telomerase is a ribonucleoprotein whose RNA and protein components are both essential for its activity. Telomerase RNAs contain an 8-to 30-base stretch with 1.2 to 1.9 copies of the C-strand form of the telomeric repeat of the particular organism from which it is obtained. In vitro, telomerase elongates single-strand Gprimers by the addition of G-strand repeats to their 3 ends, which are copied from the template region of telomerase RNA. The telomerase-generated, singlestrand G-tails can theoretically be converted to duplex DNA by conventional replication activities to generate a molecule that still has an 8-to 12-base 5 gap (or, stated differently, an 8-to 12-base single-strand 3 G-tail) but which has not suffered a net loss of DNA (Figure 2) .
Until recently, telomerase activity had not been identified in yeast despite considerable effort. The first evidence that telomerase exists in yeast came from genetics. In a screen for genes whose high copy expression eliminates TPE, a gene, TLC1, was identified that encodes a 1300-base RNA (114) . This RNA is considerably larger than the 160-200-base telomerase RNAs from ciliates or the ∼ 500-base telomerase RNAs from mammals (reviewed in Ref. 42) , as is the telomerase RNA from the yeast Kluvermyces lactis (85) . Although TLC1 RNA does not contain a significant ORF, it has a 16-base stretch that corresponds to Figure 2 Model for replication of the ends of yeast chromosomes. Parental DNA, newly replicated DNA, and the 8-to 12-base RNA segments that prime discontinuous DNA synthesis are represented by, respectively, solid lines, dashed lines, and speckled boxes. The replication of the top strand of the parental chromosome is shown. After conventional replication is complete, one end of a chromosome is expected to have a blunt end, and one end is expected to have an 8-to 12-base gap generated by removal of the terminal RNA primer. Immediately following replication, G-tails of ∼ 50-100 bases are detected (133, 134) at both ends (132) of linear plasmids and probably of chromosomes. These tails are most likely generated by a strand-specific exonuclease although this activity has not been demonstrated directly. The long G-tails are processed to duplex DNA prior to the next cell cycle (133) , presumably by repair DNA replication. This repair replication is expected to leave an 8-to 12-base gap, thereby exposing an 8-to 12-base G-tail at each end of the molecule. These single-strand G-tails are potential substrates for telomerase as well as for G-strand binding proteins. Annu . The best studied of these is EST1, which encodes a basic protein with a predicted molecular mass of ∼ 77 kDA (80) . Once telomere length shortens in est1 cells, chromosome loss increases. EST2 encodes a very basic protein of ∼ 890 kDA (TS Lendvay, DK Morris, J Sah, B Balasubramanian, V Lundblad, submitted) which, like Est1p, has no significant similarity to other proteins in the data base, including proteins that co-purify with Tetrahymena telomerase RNA (21) . Mutants lacking TLC1 and either EST1, 2, 3, or 4 have a phenotype indistinguishable from that of tlc1 cells, as do the triple mutants that have been tested (TS Lendvay, DK Morris, J Sah, B Balasubramanian, V Lundblad, submitted). The fact that the phenotypes of tlc1 cells are not exacerbated by est mutations makes a strong genetic argument that the four EST genes act in the same pathway as TLC1, namely, telomerase replication of telomeric DNA.
One attractive possibility is that EST genes encode protein subunits of telomerase, a hypothesis that has been tested for EST1 with contradictory results (see below). (Alternatively, EST3 or 4 might encode additional RNA components of telomerase that serve a function different from that of TLC1 RNA.) Another possibility is that Est proteins are required directly or indirectly for the synthesis or stability of either TLC1 RNA or a protein component of telomerase. Since est1 cells have normal levels of TLC1 RNA, Est1p is not required for its synthesis. However, immuno-precipitation experiments demonstrate that HA-tagged Est1p and TLC1 RNA co-precipitate in cell-free extracts prepared to maintain protein-protein interactions (71) . The TLC1 RNA-Est1p interaction is specific in that other abundant RNAs are not found in the Est1-immunoprecipitates, and TLC1 RNA does not co-precipitate with other HAtagged proteins. This experiment indicates that Est1p and TLC1 RNA physically interact in vivo, although this interaction could be indirect, for example, mediated by a second protein. Combined with genetic studies (80) functional telomerase RNA. For example, association of Est1p with TLC1 RNA might enable it to fold into a specific three-dimensional structure that is essential for its activity. Conventional assays for telomerase use a primer extension method in which the addition of 32 P-labeled precursors to a G-strand oligonucleotide primer allows visualization of the telomerase extension products. This assay does not work with unfractionated yeast extracts, probably because telomerase is not abundant in yeast and/or because of telomerase inhibitors. A PCR-based assay was developed for human cells that is ∼ 10 4 more sensitive than a conventional primer extension assay (54) . In a modification of this assay, a labeled G-strand oligonucleotide is incubated with a cellular extract to allow telomerase to lengthen the G-strand substrate, the reaction is stopped, and the reaction products are PCR amplified (71) . Reaction products are visualized by monitoring the size of the labeled oligonucleotide, which serves as both the substrate for telomerase elongation and as one of the primers for PCR amplification. Although the PCR assay is much more sensitive than the primer extension method, it does not allow direct visualization of the reaction products.
Four groups recently reported in vitro telomerase-like activities in Saccharomyces, using either a PCR-based assay with an unfractionated yeast extract (71) or a primer extension assay with a fractionated yeast extract (20, 78, 118) . Each reaction requires only dGTP and dTTP for extension and is RNA and protein dependent, as expected for a telomerase reaction. However, the four reactions differ in significant ways. These differences may derive, at least in part, from the fact that the extracts are prepared in very different ways for each of the four assays.
The PCR assay generates reaction products that increase in abundance as a function of both the amount of yeast extract and the amount of time the G-strand oligonucleotide substrate is incubated with the yeast extract prior to PCR amplification (71) . The reaction adds up to ∼ 170 bases of TG 1−3 DNA to the oligonucleotide primer, although ∼ 40 bases is the most common extension product. That the added DNA reflects the heterogeneity characteristic of yeast telomeric DNA in vivo was established by cloning and sequencing the PCR-amplified reaction products (J-J Lin & VA Zakian, in preparation). Extension products are not detected in extracts prepared from tlc1 or est1 cells, although reaction products shorter than ∼ 20 bases are not detectable with the PCR assay (71) .
Using a POROS 50 HS-fractionated extract and a primer extension assay, a telomerase reaction that adds ∼ 40 bases is detected (78) . In contrast to telomerase from other organisms, the processivity of this reaction is increased substantially by the addition of ATP; nonhydrolyzable analogs are as effective as ATP. A DEAE-fractionated extract yields a nonprocessive activity that typically adds ∼ 5 bases to the G-strand primer (20) . This low processivity might be explained, at least in part, by a nuclease that is seen to co-fractionate with telomerase during extract preparation. Although this reaction was TLC1 dependent, it was Est1p independent. This result suggests that if Est1p is a subunit of yeast telomerase, it serves an ancillary role in vitro (although not in vivo), perhaps acting as a processivity factor. In the fourth method, extracts were prepared from cells carrying an HA-tagged Est1p by anti-HA immunoprecipitation (118) . The activity in the Est1p immuno-precipitant was moderately processive, synthesizing ∼ 20 bases. Two of the studies provided hints for a weak TLC1-independent telomerase-like activity (71, 118) . Clearly, a combination of genetic and biochemical techniques will be critical to establish the identity of telomerase components and ancillary factors.
There are also telomerase-independent mechanisms for telomere maintenance in yeast. Most cells lacking either TLC1 (114) or any one of the four EST genes (79) (TS Lendvay et al, submitted) grow for 50-100 divisions, and then die. However, in all such cultures, survivors arise spontaneously. These survivors grow at close to wild-type rates for many generations and, in some cases, indefinitely. Survivors arising in est1 strains have been studied in detail (79) . The majority of these have very short terminal tracts of telomeric DNA as well as long tandem arrays of Y elements immediately internal to the simple repeats. The appearance of survivors and the accumulation of Y elements requires RAD52-dependent homologous recombination. These data are consistent with a model in which Y elements are constantly eroded owing to the absence of functional telomeres, but their presence and continuous replacement protects more internal sequences from degradation. Thus, yeast can bypass the need for telomerase by a recombination-based amplification of TA DNA. In addition, RAD52-independent recombination between terminal tracts of telomeric DNA occurs in yeast by a gene conversion mechanism that results in the net increase in telomeric DNA (97, 128) . Thus, this telomere-telomere recombination is a second potential telomerase-independent mechanism for maintaining terminal tracts of telomeric sequence. There is also increasing evidence for telomerase-independent mechanism(s) of telomere maintenance in humans since there are immortalized human cell lines that lack detectable telomerase activity yet maintain long terminal tracts of telomeric DNA (reviewed in Ref. 142) .
Both a telomerase and a gene conversion mechanism of telomere replication predict an intermediate in replication in which the telomere acquires a singlestrand TG 1−3 tail (144) . Indeed, long single-strand TG 1−3 tails (hereafter called G-tails) are detected on terminal restriction fragments from both chromosomes and linear plasmids using nondenaturing Southern hybridization, a method in which the DNA is not denatured before or during hybridization (134) . The appearance of the G-tails is cell-cycle regulated, occurring late in S phase, at about the same time that the ends of chromosomes are replicated, and disappearing prior to the next cell cycle. Given the detection limits of nondenaturing Southern hybridization, the G-tails must be longer than 30 bases; the best estimate of their length is ∼ 50-100 bases.
When the single-strand G-tails are present on a small linear plasmid, their presence allows the ends of the plasmid to interact. These interactions are easily detected because they generate circular forms of the plasmid, CFP, that can be resolved from both linear plasmids and plasmid replication intermediates by two-dimensional gel electrophoresis (134) . The appearance and disappearance of CFP correlates with the presence of the single-strand G-tails on the linear plasmid. Using density transfer experiments, CFP formation and hence Gtail acquisition occur immediately after conventional replication of the linear plasmid (133) . Thus, G-tail acquisition is a very late event in S phase.
CFP migrates like a nicked circle of the same mass as the linear plasmid. However, nuclease sensitivity experiments demonstrate that CFP has considerably more single-strand character than a conventional nicked circle (134) . The thermal stability of the interactions that holds the two telomeres together is high (∼ 75
• in low salt), although not as high as that of duplex DNA (132) . When CFP is heated to ∼ 78
• , the telomere-telomere interactions are lost but the linear plasmid remains double-stranded. The temporal appearance and in vitro characteristics of CFP suggest that it is a circle held together by telomere-telomere interactions mediated by the single-strand G-tails.
Replication of a linear DNA molecule by conventional replication enzymes will generate a molecule with an 8-to 12-base G-tail at one end and a blunt end at the other (Figure 2 ). Telomerase is predicted to act only on the end with the short G-tail, thereby generating molecules with a telomerase-generated G-tail at one end and duplex telomeric DNA at the other. Alternatively, if there are activities in vivo that can generate a G-tail on the blunt end of newly replicated molecules, the products of replication would have a G-tail at both telomeres.
To distinguish between these possibilities, linear plasmids were constructed in vitro that had a single-strand G-tail at one end and duplex telomeric DNA at the other or, alternatively, a single-strand G-tail at both telomeres, and they were tested for their ability to form circles (132) . Telomere-telomere interactions only occurred if both telomeres had a single-strand G-tail. When in vivo generated CFP is heated to 78
• , which eliminates telomere-telomere interactions, it is able to reform telomere-telomere interactions in vitro. These data suggest that the in vivo generated molecules that are able to form CFP also have a G-tail at each telomere. Moreover, G-tails (I Dionne & RJ Wellinger submitted; RJ Wellinger, AJ Wolf & VA Zakian, unpublished) and CFP (132) are both generated in tlc1 and est1 cells, where they appear, as in wild-type cells, at the end of S phase.
Thus, after conventional replication of yeast chromosomes is complete, each end of a linear plasmid, and presumably each end of a chromosome, acquires a single-strand G-tail by a telomerase-independent, cell cycle-regulated mechanism (132) (Figure 2) . The most likely possibility is that the G-tails are generated by exonucleolytic degradation of the C-strand, thus defining a new and unexpected step in telomere maintenance. Paradoxically, C-strand degradation exacerbates the problem of end replication. Instead of an 8-to 12-base gap at one end of the chromosome, C-strand degradation creates a ∼ 50-100-base gap (and a ∼ 50-100-base G-tail) at each end. As a consequence, both ends of a chromosome become a potential substrate for telomerase in a given cell cycle, and both ends can be processed by conventional replication activities to generate short constitutive G-tails that can serve as substrates for a terminus-limited telomere binding protein. Since yeast can live for many generations without telomerase, telomerase action is clearly not required at every telomere in every cell cycle. However, the presence of a G-tail binding protein might be essential at all telomeres to ensure chromosome integrity. Although it is not known if C-strand degradation is a general feature of telomere replication, it is intriguing that human somatic cells lacking telomerase lose telomeric DNA at a rate ∼ 10 times faster than the rate expected from incomplete replication alone (23, 69).
OTHER GENES THAT AFFECT TELOMERES
The first genes shown to affect telomeres, TEL1 and TEL2, were identified by screening a collection of highly mutagenized cells by Southern hybridization for strains with altered telomere lengths (82) . Although tel1 and tel2 cells have telomeres that are, respectively, ∼ 250 and ∼ 150 bps shorter than wild type, it takes ∼ 100 divisions before these mutant phenotypes are fully manifest, a phenomenon called phenotypic lag, which is characteristic of many mutations and conditions that affect telomeres. Once telomere length has shortened, both tel1 and tel2 cells grow slowly at high temperatures (105) . Cells with mutations in either gene also fail to respond to conditions that cause telomere lengthening in wild-type cells, such as overexpressing the carboxyl terminal portion of Rap1p, which suggests that Tel1p and Tel2p might be involved in monitoring telomere length. Mutations in TEL2 decrease TPE, but do not decrease silencing at the HM loci. Since tel1 cells have normal TPE, the effect of tel2 on TPE is unlikely to be a nonspecific consequence of short telomeres.
The TEL2 gene was cloned by searching for library plasmids that restore a wild-type growth rate to tel2 cells growing at high temperature (105) . TEL2 is an essential gene that encodes a 688 amino acid ORF with no significant similarity to other proteins in the database. Since reducing the amount of Tel2p results in three independent telomere phenotypes, its effects on telomeres are probably specific. However, the rapid death and cellular morphology of cells lacking Tel2p suggests that Tel2p, like Rap1p and the Sir proteins, also functions at nontelomeric sites.
TEL1 is a nonessential gene that encodes a 2787 amino acid ORF (41, 87) . Tel1p has marked similarity in its carboxyl terminal half to a family of proteins that functions in cell cycle checkpoints, DNA repair, or both (reviewed in Ref. 140 ). These proteins all have considerable sequence similarity to the protein encoded by the human ATM gene (108) . The ATM gene is mutated in individuals suffering from ataxia telangiectasia (AT), a disease characterized by a wide spectrum of defects including a ∼ 100-fold increase in cancer susceptibility (reviewed in Ref. 140 ). In vitro, cells lacking ATM have many chromosomal abnormalities, including elevated numbers of telomere-telomere fusions. The types and spectrum of these abnormalities suggest that cells lacking Atmp are defective in both DNA repair and cell cycle checkpoints. Although the only striking phenotype of tel1 cells is short telomeres, double mutants between tel1 and a second Saccharomyces ATM-like gene, MEC1, a gene known to function as a cell cycle checkpoint gene (94, 131) , show higher sensitivity to DNA damaging agents than do mec1-1 cells alone (87) . The phenotypes of cells limited for Tel1p, Mec1p, or both, indicate that the two proteins carry out partially overlapping functions in yeast. It is tempting to speculate that Tel1p, Mec1p, and/or other ATM homologues play a role in enabling the cell to distinguish telomeres from damaged DNA (107) .
Another ATM-homologue is the gene encoding the catalytic subunit of DNAdependent protein kinase (DNA-PK), an activity involved in both repair and DNA recombination in rodents and humans (reviewed in Ref. 140 ). DNA-PK appears to function by binding damaged DNA and then phosphorylating nearby proteins. The DNA binding subunit of DNA-PK is the auto-antigen Ku, a heterodimer of a ∼ 70-and an ∼ 80-kDA protein. Given the DNA-PK paradigm, ATM-like proteins, such as Tel1p and Mec1p, might associate with a Ku-like DNA binding protein that targets it to a specific DNA structure or type of DNA damage. HDF1 encodes a Saccharomyces protein with sequence similarity to the 70-kDa mammalian Ku protein (30). Although hdf1 cells have normal levels of repair and no obvious cell cycle checkpoint abnormalities (113), they have short telomeres (98) . Since cells lacking both TEL1 and HDF1 have telomeres shorter than either single mutant, the two genes probably act in different pathways to affect telomere length. If the parallel with mammalian DNA-PK is extended to yeast, Hdf1p is unlikely to be the DNA binding component of a Tel1p complex that distinguishes telomeres from broken ends.
After telomere elimination, a chromosome either acquires a new telomere, so-called chromosome healing, or is lost (107) . In wild-type cells, the vast majority of healing events are via homologous recombination. That is, the broken chromosome acquires a new telomere by gene conversion from a homologous chromosome. In contrast, de novo telomere formation, the addition of telomeric DNA to a site that was previously internal on the chromosome, is quite rare in wild-type yeast (62, 107, 109) .
At least one reason why de novo telomere addition is rare is because it is inhibited by Pif1p (109), a 5 to 3 DNA helicase (66) . Mutations in the nonessential PIF1 gene have three effects on telomeres (109). First, de novo telomere addition on both spontaneous, and induced chromosome breaks is increased as much as 700-fold. Second, the specificity of sites used for de novo telomere addition is relaxed in the absence of Pif1p. That is, in wild-type cells, when de novo telomere addition does occur, the new telomere is added at a stretch of telomere-like DNA. In contrast, de novo telomere formation in pif1 cells occurs much more randomly. This result suggests that Pif1p normally decreases de novo telomere addition by increasing the specificity of this event. Third, all telomeres in a pif1 cell get longer, indicating that Pif1p also inhibits addition of C 1−3 A/TG 1−3 to existing telomeres. Pif1p could affect telomere replication either by inhibiting telomerase or by suppressing a telomerase independent mode of telomere maintenance such as telomeretelomere recombination. To date, Pif1p is the only protein in any organism that affects the efficiency and/or specificity of telomere addition.
Mutations in CDC13 cause cells to arrest in the G2 phase of the cell cycle as a consequence of DNA damage that is recognized by the RAD9 cell cycle checkpoint (130) . When cdc13 cells replicate their DNA at semipermissive temperatures, they accumulate DNA lesions in telomere-adjacent regions as monitored by a regional increase in mitotic recombination (34). Moreover, cdc13 cells grown at restrictive temperature accumulate single-strand DNA. This accumulation occurs preferentially in telomeric regions and is strand specific such that the strand running 5 to 3 from the end toward the center, the C 1−3 A strand, is lost first. These data suggest that Cdc13p might limit the C-strand degradation that occurs after telomere replication (132) , perhaps by serving as a telosomal protein that reduces the access of the C-strand nuclease to telomeric DNA. This model is supported by the observation that Cdc13p, generated either in E. coli or in yeast, is a TG 1−3 binding protein in vitro (JJ Lin & VA Zakian, submitted).
There are a surprisingly large number of genes and conditions that affect telomere length. At least some of these effects are likely to be indirect. For example, in some strains, telomeres are ∼ 25 bps shorter in galactose-compared to glucose-grown cells (106) . Some effects on telomere length may be due to nonspecific changes in DNA metabolism. For example, CDC17 encodes the catalytic subunit of DNA polymerase I (52). Cells bearing certain cdc17 mutant alleles and grown at restrictive temperatures are able to synthesize virtually an entire complement of DNA before arresting in a RAD9-dependent manner in G2 (130) . Cells carrying these alleles have longer telomeres than wild-type cells when grown at permissive temperatures. When grown at semipermissive temperatures, their telomeres continuously lengthen, and they exhibit increased recombination, especially in telomere adjacent regions (12) . Since telomeres are replicated late in S phase (84, 133) , they may be particularly sensitive to limiting amounts of replication proteins. Thus, in the cdc17 strains with long telomeres, telomeric and telomere adjacent DNA, both of which are replicated near the end of S phase, may acquire lesions that initiate recombination events. If this recombination proceeded via the mechanism detected for plasmid telomeres, it would result in telomere lengthening (97, 128) .
TOP3 encodes a protein with sequence similarity to topoisomerases (124) and has weak topoisomerase activity in vitro (56) . In vivo, Top3p inhibits recombination between direct repeats (124) , including between tandem Y elements (55) . Telomeres are shorter in top3 than in wild-type cells. However, the 5 untranslated regions of TOP3 and EST1 overlap, and it is possible that the telomere length effect is an indirect consequence of impaired transcription of EST1.
Mutations in KEM1 (also known as SEP1, RAR5, XRN1, and DST2) result in a wide spectrum of phenotypes, one of which is a decrease in telomere length (73) . Moreover, in vitro, Kem1p displays an array of seemingly disparate activities, including G-quartet DNA cleaving (72) , strand transfer (59), microtubule binding (50), RNase (67) , and nonspecific DNase activities (51) . Although it is tempting to speculate that the effects of Kem1p on telomere length are linked to its G-quartet cleavage activity, Kem1p may affect telomeres and other cellular processes indirectly, for example, by influencing the turnover of specific RNAs.
TELOMERES AND AGING
As human cells divide either in vivo or in vitro, their chromosomes slowly lose telomeric repeats. This loss of telomeric DNA is explained in part by the fact that most human somatic cells lack detectable telomerase. In contrast, most human tumors express telomerase (54) . It has been proposed that telomere length serves as a mitotic clock that limits the replicative potential of human cells both in vivo and in vitro and that the reactivation of telomerase in tumor cells provides them with the ability to bypass this limit (reviewed in Ref. 46) .
Yeast cells that lose a single telomere (107) or that lack telomerase (80, 114) provide a paradigm for human somatic cells. In the absence of yeast telomerase, chromosome loss does not increase immediately but only after bulk telomeres have shortened considerably (80) . Although the critical amount of telomeric DNA needed for telomere function in yeast is not known, tel1 cells whose telomeric C 1−3 A/TG 1−3 tracts are < 100 bps have virtually wild-type rates of chromosome loss (41) . Ultimately, most yeast cells that lack telomerase stop dividing. Cessation of division may be a consequence of a cell-cycle checkpoint more prolonged than the transient arrest accompanying loss of a single telomere (107) or to the degradation of essential genes.
In contrast to yeast growing without telomerase, cultured human cells stop dividing when most chromosomes still bear several kb of telomeric DNA. Human cells may stop dividing for reasons unrelated to telomere length, or alternatively, telomere function in humans might require considerably more telomeric DNA than in yeast. Another even more speculative possibility is that short telomeres cause human cells to stop dividing because they alter the expression of genes that control aging (139) . For example, if TPE exists in mammals, short telomeres might allow expression of a telomere-linked "aging" gene that is not transcribed in cells with long telomeres. Another related model, again based on the yeast paradigm (117) , is that internal stretches of telomeric DNA become more effective silencers when telomere length is short because they compete more effectively with telomeres for limited, trans-acting silencing proteins like Sir3p. In this model, a gene(s) that inhibits aging would be located near an internal tract of telomeric DNA, and the probability of its transcription would decrease as telomeres shorten.
Although yeast cultures are immortal, individual yeast cells have a limited life span in that a mother cell dies after ∼ 24 divisions (88) . Old yeast do not have short telomeres (27, 116) . Nonetheless, there is a link between aging and telomeres. Among the mutations that increase life span in yeast is sir4-42, which encodes a deletion derivative of Sir4p that lacks the carboxyl 121 amino acids of the 1358 amino acid protein (53) . The increased life span of sir4-42 cells requires both Sir3p and Sir2p. Like sir4 cells, a sir4-42 strain has neither TPE nor HM silencing. However, the increased life span of sir4-42 cells is semidominant. Moreover, sir4 cells do not have an increased life span. Thus, the sir4-42 effect on life span is a gain of function phenotype. These data led to a speculative model in which life span is controlled by an as yet unidentified gene(s) whose transcription is repressed by the Sir complex. As cells age, silencing at this unidentified locus, as well as at telomeres and the HM loci, becomes less effective, the aging gene(s) is transcribed, and cell division is inhibited. Consistent with this model, old cells in a wild-type strain lose HM silencing (116) . This model explains the phenotypes of sir4-42 cells by arguing that Sir4-42p has a higher affinity for the aging gene's silencer than for telomeres or the HM loci.
FUTURE PERSPECTIVES
The past decade has seen an explosion of information on telomere biology in model organisms like yeasts and ciliates as well as in higher cells. The association of telomeres with aging and cancer has heightened interest in these fascinating structures. Given that many aspects of telomere biology are highly conserved from yeast and other single-celled organisms to vertebrates and higher plants, continued analysis of telomeres in highly tractable genetic systems is likely to provide new and unexpected insights. 
